Understanding the sources of domestic food price volatility in developing countries and the extent to which it is transmitted from international to domestic markets is critical to help design better global, regional, and domestic policies to cope with excessive food price volatility and to protect the most vulnerable groups. This paper examines price and volatility transmission from major grain commodities to 41 domestic food products across 27 countries in Africa, Latin America, and South Asia. We follow a multivariate GARCH approach to model the dynamics of monthly price volatility in international and domestic markets. The period of analysis is 2000 through 2013. In terms of price transmission in levels, we only observe lead-lag relationships from international to domestic markets in few cases. To calculate volatility spillovers, we simulate a shock equivalent to a 1% increase in the conditional volatility of prices in the international market and evaluate its effect on the conditional volatility of prices in the domestic market. The transmission of price volatility is statistically significant in just one-quarter of the maize markets tested, almost half of rice markets tested, and all wheat markets tested. Volatility transmission seems to be more common when trade (imports or exports) are large relatively to domestic requirements.
Introduction
The global food crisis of [2007] [2008] was characterized by a sharp spike in grain and other commodity prices. These price increases have been attributed to supply shortages, increased biofuel production, reduced stock-to-use ratios, export bans by major grain exporters, and panic buying by some major importers (Gilbert, 2010) . Commodity prices rose rapidly again in 2010 and 2011. Overall, since 2007 global grain markets have seen an increase in price volatility, defined as the standard deviation of monthly price returns. For example, comparing the 27-year period before the crisis with the four-year period during and after the crisis (2007) (2008) (2009) (2010) , the unconditional volatility of international prices rose 52 percent for maize, 87 percent for rice, and 102 percent for wheat (Minot, 2014) .
To the extent that this price volatility is transmitted to markets in developing countries, it may have serious implications for farmers and low-income consumers. First, low-income consumers spend a large share of their income on food in general and on staple foods in particular, making them more vulnerable to food price volatility. For instance in some countries, such as Tanzania, Sri Lanka, and Vietnam, low-income households allocate more than 60 percent of their budgets to food (Seale, Regmi, and Bernstein, 2003) . Second, food price volatility affects poor, small-scale farmers who rely on food sales for a significant part of their income and possess limited capacity for timing their sales. Third, price volatility is likely to inhibit agricultural investment and reduce agricultural productivity growth, especially in the absence of efficient risk-sharing mechanisms, with long-run implications for poor consumers and farmers.
A key question, however, is whether food price volatility in world grain markets is indeed transmitted to local markets in developing countries. If so, efforts to reduce excessive price volatility should perhaps be focused on concerted regional and international actions through the 5 heteroskedasticity (MGARCH) model using the BEKK specification proposed by Engle and Kroner (1995) . 2 The main contribution of this paper is that it is one of the first to estimate the transmission of food price volatility from international markets to local markets across several developing countries and regions. As discussed below, while most other studies have examined the transmission of (mean) price levels from global markets to developing countries, the ones that have analyzed the transmission of price volatility have mainly focused on examining volatility dynamics across different commodities and international markets. Focusing on market interactions in terms of the conditional second moment and allowing for volatility spillovers provides better insight into the dynamic price relationship of international and domestic markets.
The remainder of the paper is organized as follows. Section 2 provides a review of recent research on transmission of prices and volatility. Section 3 details the methodology used in the study. Section 4 describes the data. Section 5 presents and discusses the estimation results while Section 6 summarizes the findings and draws some conclusions for future research.
Previous research on transmission of prices and volatility
There is a large body of research on the transmission of prices between markets within developing countries (see Baulch, 1997; Abdulai, 2000; Rashid, 2004; Lutz, Kuiper, and van Tilburg, 2006; Negassa and Myers 2007; Van Campenhout, 2007; Myers, 2008; Moser, Barrett, and Minten, 2009) . Most of these studies use cointegration analysis in the form of error-correction 6 models, though some of the more recent ones apply threshold cointegration models and assymetric response to positive and negative price shocks (e.g., Meyer and von Cramon-Taubadel, 2004 ).
Fewer studies have examined the transmission of prices from world markets to local markets. Mundlak and Larson (1992) estimate the transmission of world food prices to domestic prices in 58 countries using annual price data. They find very high rates of price transmission, but the analysis is carried out in levels rather than first differences, so the results probably reflect spurious correlation due to nonstationarity. Quiroz and Soto (1995) repeat the analysis of Mundlak and Larson (1992) using cointegration analysis and an error correction model. They find no relationship between domestic and international prices for 30 of the 78 countries examined. Conforti (2004) examines price transmission in 16 countries, including 3 in Sub-Saharan Africa, using an error correction model. In general, he finds that the degree of price transmission in SubSaharan African countries is less than in Asian and Latin-American countries. Robles and Torero (2010) find empirical evidence of price tranmsission from international markets to domestic prices of several food products across four countries in Latin America. Minot (2010) analyzes the transmission of prices from world grain markets to 60 markets in sub-Saharan Africa, finding a statistically significant long-term relationship in only 13 of the 62 prices examined. He also finds that rice prices are more closely linked to world markets than are maize prices, presumably because most African countries are close to self-sufficient in maize but import a large share of their rice requirements.
Another set of studies has focused on the co-movement of world commodity prices. In their seminal paper, Pindyck and Rotemberg (1990) find "excessive co-movement" of seven commodity prices, which they attribute to herd behavior among traders in financial markets. The hypothesis of excess co-movement, however, was challenged by Deb, Trivedi, and Varangis 7 (1996) and Ai, Chatrath, and Song (2006) . These studies argue that the Pindyck and Rotemberg results suffer from model misspecification and that fundamental supply and demand factors are sufficient to explain the co-movement. 3 In the case of international agricultural commodity prices, Gilbert (2010) indicates that price shocks for individual commodities are often supply related whereas joint price movement can be explained by macro-economic and monetary conditions.
Fewer studies have examined the co-movement of conditional price volatility. As noted by Gallagher and Twomey (1998) , dynamic models of conditional volatility like MGARCH models, widely used in empirical finance, can provide a better understanding of the dynamic price relationship between markets by evaluating volatility spillovers. Volatility transmission between commodity markets may occur through substitution effects or as a result of common underlying factors, such as uncertainty in financial markets.
Some of the recent studies that study market interactions between agricultural commodities using MGARCH models include Le Pen and Sevi (2010), Zhao and Goodwin (2011), Hernandez, Ibarra, and Trupkin (2014) , Beckmann and Czudaj (2014) transmission in levels between corn, wheat, and soybean spot markets, but significant transmission in price volatility, particularly at weekly and monthly frequencies.
Methodology
We follow a multivariate GARCH (MGARCH) approach to evaluate the dynamics of volatility in monthly price returns from major agricultural international commodities to key domestic products in Africa, South Asia, and Latin America. 4 In particular, we estimate a bivariate T-BEKK model, proposed by Engle and Kroner (1995) , which allows us to measure volatility transmission from international to domestic markets and is flexible enough to account for both volatility spillovers and persistence across markets.
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The T-BEKK approach involves modeling both a conditional mean equation and a conditional variance equation for each price return series considered in the analysis. In our case, we define price returns as
, where mt p is the price of a certain product (commodity) in market m at month t, and m=1 refers to the domestic market while m=2 to the international market. The logarithmic transformation is a standard measure for net returns in a market and is generally applied in empirical finance to obtain a convenient support for the distribution of the error term in the estimated model.
We first test for the presence of cointegration between domestic and international price returns using the Johansen trace test, with the number of lags (k) selected based on the Schwarz Bayesian information criterion (SBIC). For those cases where the pair of price returns are not found to be cointegrated, the conditional mean equation is simply modeled as a vector autoregressive (VAR) process such that
where t r is a 2x1 vector of price returns for the corresponding product (commodity) in the domestic and international market at month t, i.e. 
This variance-covariance specification allows us to characterize the magnitude and persistence of volatility transmission from international to domestic markets. Moreover, similar
to Gardebroek and Hernandez (2013) and Hernandez, Ibarra, and Trupkin (2014), we can derive an impulse-response function for the estimated conditional volatility to assess how a shock or innovation in the international market transmits to the domestic market and obtain the elasticity of domestic price volatility with respect to international price volatility.
Data
We compile a large dataset of monthly prices for maize, rice, wheat, and sorghum -and domestic products directly derived from these-for 41 markets in 27 countries. We obtain domestic price data from two sources. International prices for different food commodities also seem to comove in terms of unconditional volatility. Figure 2 shows the evolution of price volatility (the standard deviation of monthly price returns) for these four commodities over a 2-year moving window from 2000 to 13 2014. 6 The price volatility of these commodities seems to have followed a similar pattern during most of the period of analysis, with a considerable increase during and following the 2007-2008 food crisis, followed by a subsequent decrease-though to higher volatility than that prior to the crisis. This is more clearly observed in Figure 3 , which compares price volatility before the crisis (2000) (2001) (2002) (2003) (2004) (2005) (2006) and after the crisis (2009) (2010) (2011) (2012) (2013) (2014) . Although volatility in the price of sorghum shows only a moderate increase, volatility in the prices of the other three commodities increased by more than 30% after the crisis.
[Insert Figure In the case of rice and wheat, there seems to be a substantial comovement in the volatility of domestic and international prices, particularly in the case of rice. The volatility of the international price for sorghum also shows some evidence of comovement with domestic volatilities. The pattern of price volatility in domestic maize markets, in contrast, do not generally resemble the pattern of volatility exhibited by the international price of maize. Note also that while for maize and sorghum the international price volatility is generally lower than in domestic markets, for rice 14 and wheat the opposite is true. We examine volatility dynamics between domestic and international price returns more formally in the next section.
[Insert Figure 4 ] Table 1 provides some descriptive statistics for the domestic and international price returns used in the analysis. First, the Jarque-Bera test indicates that the returns for almost every domestic price and all international prices do not follow a normal distribution. The kurtosis in all of the analyzed markets is greater than 3, further pointing to a leptokurtic distribution of returns. These results reveal the need to use a Student's t density for the estimation of the BEKK models below.
[Insert Table 1] Second, both the Ljung-Box (LB) statistics for up to 5 and 10 lags and the Portmanteau (Q) statistics for the first-and second-order autocorrelation coefficients generally reject the null hypothesis of no autocorrelation for the squared returns. This autocorrelation suggests the existence of nonlinear dependencies in several of the price returns, which motivates the use of MGARCH models to better capture own-and cross-market interdependencies between domestic and international markets.
Third, the Augmented Dickey-Fuller (ADF) tests suggest that several of the domestic and international prices (in natural logarithms) are non-stationary. As explained in the methodology section, for all these cases a cointegration test is first conducted to determine the need to account for a potential long-run relationship between the corresponding domestic and international price through a vector error-correction model. Finally, the ADF test confirms the stationarity of all the domestic and international prices when expressed as returns (first differences in logarithms).
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Results
Transmission in levels
This section describes the degree of transmission of prices in levels (lead-lag relationships)
based on the estimation of the conditional mean equations discussed in Section 3. The first panel of Table 2 presents the relevant VAR and VEC coefficients describing the conditional mean equation for the domestic price return. Figure 5 shows the elasticity of price transmission for maize prices (Panel A), rice prices (Panel B), and sorghum and wheat prices (Panel C). We define the elasticity as the coefficient α1,12 of the conditional mean equation. By comparing this coefficient and its standard error in Table 2 it is clear that many of the elasticities are not significantly different than zero at the 5% level of confidence. More specifically, of the 16 maize price transmission elasticities, only one is statistically significant: the Honduran retail price of maize in market 1 in the capital, Tegucigalpa. Over the period covered by the study (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) ,
Honduras imported about 37% of its maize requirements, which helps explain why its prices move with international prices (see Table 3 ). The importance of maize imports in domestic supply was less than 10% in all nine African countries listed and no more than one-quarter in Mexico and Nicaragua. However, the import share is over 50% in Colombia so clearly other factors are at work.
[Insert Table 2] [Insert Figure 5] [Insert Table 3] Panel B of Table 2 gives the results for 15 rice prices in Africa, Asia, and Latin America.
The standard errors indicate that just three of the 15 coefficients are statistically significant: Nepal, Philippines (regular milled), and Brazil. The linkage with the world market is somewhat surprising in all three countries because price imports account for a small (3-12%) share of domestic supply.
The result for Nepal is particularly difficult to understand because the sign is negative, suggesting that domestic prices fall when international prices rise. One hypothesis is that Nepal prices are influenced by Indian rice markets, which are heavily managed by government programs to purchase, stock, and sell rice and wheat.
Panel C of Table 2 shows the price transmission for three sorghum markets and seven wheat markets. None of the three sorghum markets (Burundi, Chad, and Nigeria) have statistically significant links to world sorghum markets. This is expected since international trade in sorghum is negligible in all three countries (see Table 3 ). In the case of wheat, two of the seven markets show a statistically significant link with world wheat markets: Mumbai, India and Lima, Peru. It is not surprising that wheat prices in Lima are linked to world markets given the countries heavy reliance on imported wheat. On the other hand, it is somewhat surprising to find a link between Mumbai prices and world prices, given that India is (on average) self-sufficient in wheat. It should be noted, however, that the Mumbai is a wheat deficit region at some distance from the wheat surplus zone in the Punjab. In contrast, New Delhi is quite close to the Punjabi wheat zone. Brazil and Bolivia are depend heavily on wheat imports, but Argentina is the main source of wheat and Argentinian prices are imperfectly integrated with US wheat prices, used as the benchmark for world prices in this study. The lack of linkage between Ethiopian wheat prices and world wheat prices is probably due to the large (but variable) share of wheat imports that are in the form of food aid, thus less driven by market forces.
Volatility transmission
In this section, we describe our price volatility transmission estimates from international commodity markets to domestic food markets across countries and commodities. Due to space limitations, we only report in the second panel of Table 2 the estimated coefficients of the BEKK model describing the conditional variance equation of domestic markets (specified in equation (3)). 7 The lower panel of . 9 The average of predicted conditional volatilities is equal to ℎ 11 ̅̅̅̅ = ∑ ĥ 11.
=1
while the steady-state volatility
11.3%) while in Asia and Latin America the averages are less than half of the African average.
Our estimated steady-state and predicted volatilities yield similar conclusions when comparing commodities and regions. When we compare steady-state volatility with sample volatility, the former is consistently lower than the latter. In particular, steady-state volatility estimates are on average 60% of the sample estimates. This is expected as steady-state estimates reflect the standard deviations to be reached over time in the absence of shocks. This finding is also consistent with results reported by Gardebroek, Hernandez, and Robles (2014).
When we compare average predicted volatility with sample volatility, we also observe that our estimated models perform reasonably well. The ratio of the average predicted volatility to the sample volatility is on average 0.99 for the full set of countries and commodities. and our average predicted volatilities further reaffirm that on average maize price volatility is much more volatile (more than two times larger) than rice and wheat price volatility.
To obtain estimates for the degree of volatility transmission from international markets to domestic markets we carry out the following two steps for each estimated model (one per country/commodity):
1. We estimate the size of a shock in the international market ( ̅ 2 ) such that the steady-state standard deviation of the international price return increases in one percent after one period:
2. We introduce shock ̅ 2 in expression (2) and estimate the percentage change in the standard deviation of the domestic price return (with respect to its steady-state value) and compute our volatility transmission VT indicator according to:
In other words, our volatility transmission indicator shows the reaction (after one period and assuming the system is on steady-state) of the domestic volatility (standard deviation of price return) to a shock in the international market. If our volatility transmission indicator is equal to one it means that the domestic volatility increases in one period in the same proportion as the international price volatility, after introducing a shock in the international market.
We present our volatility transmission estimates for each country and commodity in Figure   6 and aggregated median and frequencies across commodities and regions in Table A Table 2 ). α21 represents the short-term effect of an international price shock on domestic volatility, while g21 represents the short-term effect of changes in international price volatility on domestic volatility.
In the case of maize, 4 of the 16 Wald tests reject the null hypothesis that both coefficients are zero: Benin, Ethiopia, Nigeria, and Colombia. The linkage between international and domestic volatility is easy to understand in the case of Colombia, which imports 64% of its maize requirements over the period under study. The linkage for the other three countries is unexpected,
given that all three rely on imports for less than 2% of domestic requirements (see Table 3 ).
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In the case of rice, 7 of the 15 markets show evidence of a statistically significant spillover from international volatility to domestic volatility (see Table 2 ). This is expected in the case of Senegal, which imported 82% of its domestic requirements, and the two prices in Thailand, which exported more than 40% of its production (see Table 3 ). Similarly, the lack of linkage in India, Nepal, Brazil, and Ecuador is explained by small contribution of rice imports in these countries.
More surprising is the volatility spillover in Colombia and Peru, where rice imports meet less than 7% of local demand.
In the case of sorghum, one of the three prices shows signs of a statistically significant spillover in volatility from international markets: Burundi (see Table 2 ). This is surprising given that Burundi is landlocked and has virtually no sorghum imports from world markets. The lack of spillover for Chad and Nigeria are, however, expected given the negligible volumes of traded sorghum.
Wheat markets in developing countries appear to be relatively sensitive to volatility in international wheat markets. All seven of the markets tests showed evidence of a statistically significant link between international and domestic price volatility (see Table 2 ). This is expected in the case of Peru, Bolivia, and Brazil, given their reliance on imported wheat for more than half of local consumption, and understandable in the case of Ethiopia, which imports 32% of its requirements (see Table 3 ). On the other hand, India is largely self-sufficient in wheat in most years, so the volatility linkage with world wheat markets is harder to explain.
Conditional correlations
Lastly, we are interested in examining whether the dynamic price relationship between domestic and international markets has changed in recent years, particularly after the global food Honduras and wheat in Peru), and one in Africa (maize in Ethiopia). Figure A .2 in the Appendix further reports the median change in the domestic-international correlations by commodity and region, confirming that the shifts were generally small, except for rice with a median shift of 10 percentage points.
[Insert 
Conclusions
Food price volatility in developing countries is economically and politically important. In these economies a large share of household budgets is spent on food, so food price levels and volatility have a direct and large impact on welfare. Food price volatility particularly affects poor, small-scale farmers who rely on crop sales for a significant part of their income. It is also likely to inhibit agricultural investment and reduce the growth in agricultural productivity, with long-run implications for poor consumers and farmers. Hence, it is important to better understand the sources of food price volatility and whether it is mostly transmitted from international agricultural commodity markets or largely determined by domestic factors. This in turn can help design better global, regional, and domestic policies to cope with excessive food price volatility and to protect the most vulnerable groups.
The objective of this paper is to estimate the extent of both grain price and volatility transmission from world markets to local markets in developing countries, in a context where volatility interactions has not been largely analyzed in the literature. In particular, we focus on the effect of the world price of maize, rice, wheat, and sorghum on 41 prices of grain products in 27 countries in Latin America, Africa, and Asia. The price data are monthly, and most cover the period from January 2000 to December 2013. The analysis is based on a MGARCH approach using a BEKK model.
In terms of price transmission in levels, we only observe lead-lag relationships from international to domestic markets in few cases. Only 6 international-domestic price elasticities (out of 41) are statistically significant. In terms of volatility transmission, however, we observe more interactions across markets. We propose as a volatility transmission estimator (or elasticity) one that shows the reaction (after one period and assuming the system is on steady-state) of the domestic price volatility (the standard deviation of price returns) given a one-percent shock in international price volatility of the commodity. We find that most of our elasticity estimates are within reasonable values.
Maize markets in developing countries are the least susceptible to volatility in international markets, with just one-quarter of them (4 of 16) showing evidence of a statistically significant effect. Rice markets appear to be more sensitive to volatility in international markets, with almost half the markets tested (7 of 15) having statistically significant spillover. And wheat markets were the most sensitive to international price volatility, with a significant linkage in all seven markets tested. In general terms, this pattern reflects the fact that most of the countries in our sample are relatively self-sufficient in maize: on average, net trade represents 16% of domestic use. In contrast, these countries are more dependent on rice trade (average 38%) and most reliant on international trade in wheat (average 78%).
These patterns extend to individual markets. Colombia is heavily dependent on maize imports and is one of just four markets with significant volatility linkages. Senegal and Thailand are both deeply involved in rice trade, as importer and exporter respectively, and both show volatility spillover from world markets. Similarly, Brazil, Bolivia, Peru, and Ethiopia rely heavily on wheat imports and show transmission of volatility from world markets.
At the same time, there are a number of exceptions to these patterns. Some countries with little trade in a commodity have domestic price volatility that appears linked to international volatility. Examples include maize in Ethiopia, rice in Peru, sorghum in Burundi, and wheat in India. One hypothesis is that the behavior of local traders or government trading enterprises monitor international markets and are prompted by international volatility to respond in ways that contribute to local volatility even in the absence of direct trade effects. Another possibility is that 24 price volatility is actually being transmitted through closely related staple grain markets for which there is trade. Testing these hypotheses would be a fruitful direction for future research. -861.8 -770.0 -1117.1 -892.6 -968.9 -804.3 -975.0 -1034.8 -977.9 -1017.8 -637.3 -915.4 -926.0 -989.5 -1097.6 -969. 
